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Abstract 

Neutrons from (a,n) reactions through thorium and uranium decays are important 
sources of background for direct dark matter detection. The neutron yields and 
energy spectra from a range of materials that are used to build dark matter detec- 
tors are calculated and tabulated. In addition to thorium and uranium decays, we 
found that a particles from samarium, often the dopant of the window materials of 
photomultiplier tubes (PMT), are also an important source of neutron yield. The 
results in this paper can be used as the input to Monte Carlo simulations for many 
materials that will be used for next generation experiments. 
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1 Introduction 



Neutron induced elastic scattering processes represent an important back- 
ground for direct dark matter detection experiments searching for Weakly 
Interacting Massive Particles (WIMPs), which may constitute the dark mat- 
ter in the universe [T][2][3lH] . Direct searches for WIMPs have been carried 
out by many experiments including CDMS [5], EDELWEISS XenonlO 
ArDM [8], DAMA [9], CRESST [lOj, PICASSO [H], NAIAD [12], and ZEPLIN [13]. 
Among these experiments, DAMA/Nal [14J and DAMA/LIBRA [15] have 
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claimed that they have observed a model independent annual modulation sig- 
nature. The DAMA collaboration interprets this annual modulation as the 
signature induced by dark matter (DM) particles [MflSj. However, this claim 
is at odds with other experimental results if one assumes standard WIMP 
interactions and halo models. With the best limits set by CDMS II [16j and 
XenonlO, WIMPs remain unobserved. Large scale next generation detectors 
utilizing noble liquids to continue the direct search for WIMPs are underway. 
The key to these experiments lies in the ability to reduce various background 
to unprecedented low levels. Among all possible sources of background, neu- 
tron induced nuclear recoil is identified as a major source of background for 
this type of experiments. 

There are three sources of underground neutrons: 1) those produced by (a, n) 
reactions through thorium, uranium, and other radioactive isotope decays in 
the materials that surround or constitute the detector; 2) those from sponta- 
neous uranium fission; and 3) those from cosmic ray muon-induced processes. 
In general, the [a, n) neutrons dominate the total neutron contributions to the 
measured background for an underground experiment. This is because the ori- 
gins of {a, n) neutrons range from surrounding rock, external shielding, inner 
shielding, detector components, and detector target. In particular, the (a,n) 
neutrons produced in the detector components and target are hard to cope 
with. These neutrons need to be understood very well in terms of their origin, 
transport, and interaction with materials. Calculations of the neutron yield 
and neutron energy spectrum in different materials are critical to dark matter 
experiments. The total neutron yield indicates the number of neutrons that 
enter or are produced in the target. The neutron energy spectrum determines 
the total background events in the region of interest (ROI). Therefore, a full 
simulation of neutron background must take into account both neutron yield 
and energy spectrum. This paper is aimed at providing the {a, n) neutron 
yield and energy spectrum for a number of materials that are used for the 
construction of dark matter detectors. 



2 Calculations of neutron yields and energy spectra 



The neutron yields from the [a, n) reaction for various elements of natural iso- 
topic concentrations have been discussed by many authors 
The decays of ^38^ g^j^^j ^^^T/i in the materials produce MeV a particles. These 
a particles interact with the nucleus in a thick target and yield neutrons. The 
neutron yield is calculated by [21j: 
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where Eq is the initial energy of the a-particle, is the mass stopping power 
of element i, Ai is the atomic mass of element i and Na is Avogadro's constant. 
In secular equilibrium, the ^^^Th decay chain yields 6 a's and the ^^^U decay 
chain produces 8 a's with various energies Ej. The neutron yields in the decay 
chains of ^sa^jj^ ^^^^ 238 ^ ^^^^ determined by the sum of the individual 
yields induced by each a, weighted by the branching ratio for each element 
and weighted by the mass ratio in the host material. The energy attenuation 
of the a-particles in the medium is the dominant process for the thick target 
hypothesis. Under the assumption that the incident flux of ct-particles with 
energy of Ej is invariant until the energy is attenuated to zero, for target 
element i, the differential spectra of neutron yield can be expressed as 



dE, 



A ^ SnE,) I dE. 
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where iVj is the total number of atoms for the i element in the host material, 
is the flux of a-particles with specific energy Ej, Ra{Ej) refers to the 
a-particle production rate for the decay with the energy Ej from ^^^Th or ^ss-q 
decay chain. If we consider the specific activity of ^'^^Th and ^ssu terms of 
the concentration in ppm/g/y, then 

R^iEj) = lO-^^J^i?,, (3) 



where Aa stands for the atomic mass number of ^^^Th or ^^^U, Bj represents 
the a-particle branching ratio for a specific energy decay channel Ej, and ti/2 
is the half life of the decay. 

The cross section in Eq.®, J^' ^^^^^dE„, is calculated by the TALYS 
simulation code [32] in which the cross sections of neutron production for 
all possible reaction channels are calculated. The flux of a-particles is ob- 
tained by combining the production rate of a-particles with the correspond- 
ing mass stopping power in the target. The mass stopping power for specific 
energies is calculated by our simulation described in Ref. [35] and the AS- 
TAR program [36]. We use the decay chains of selected isotopes in Ref. [31] 
for a-particle emission from ^38^/ g^j^^ ^^^T/i decays. Only decays with visible 
energies larger than 0.1 MeV or branching ratio more than 0.5% are included. 
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3 Results and Discussions 



The (a, n) induced neutron yield is calculated for a number of elements by us- 
ing Eq.([2]) and Eq.([n]). The differential energy spectra of neutrons for specific 
target elements are listed in Tables [T] to [TU] and plotted in Figures [T] to [TUJ 
Only the results for neutron energies greater than 0.1 MeV with the energy 
bin size of 0.1 MeV are presented. Note that the calculations with the thick 
target model under equilibrium conditions give the maximum contribution of 
the neutron yield. It's worthwhile to note that we also calculated the {a,n) 
neutron yield for lead. However, the result showed that there is no {a, n) neu- 
tron yield in lead due to a very high coulomb barrier which largely restricts 
the (a,n) reactions. The neutron yield from spontaneous ^35^/ fission is about 
5% of the total neutron yields from uranium and thorium decays. Those neu- 
trons from 235 -^vith a natural isotropic abundance of 0.72% is not included 
in these tables. The a-particles from samarium, a dopant of the glasses for 
PMTs at a level of ~0.1% to ~1% depending on the type of glasses, 

have a maximum energy of 2.5 MeV. As a result, the induced neutrons are 
less energetic (< 5 MeV) compared to the neutrons caused by uranium and 
thorium decays. 

We compared our results with the calculations made by Heaton et. al. [21j , 
and found the total number of neutron yields in good agreement. Note that 
the neutron energy spectra in various elements are quite different. Neutron 
induced background in the region of interest for dark matter experiments is 
very sensitive to the neutron energy. Thus the neutron energy spectrum is very 
important in the Monte Carlo simulation that evaluates the neutron induced 
background for various dark matter experiments. 
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Table 1. Neutron production rate via {a,n) reaction due to natural radioactivity. 



Range(Me\/) ~ .1 .1 .2 .2 ~ .3 .3 ~ .4 .4 ~ .5 .5 ~ .6 .6 ~ .7 .7 ~ .8 .8 ~ .9 .9 ~ 1 Sum 



Eji Source 


a + Ar ^ Outgoing Neutron Flux (ppm ^year ^) 


238 r 7- 
c 

232y^ 


/ 1 Ip-oi 1 4p_ni 1 7p-ni 9 9p-ni 9 ip-ni i Qp-ni i Qp-ni i sp-ni 9 ip-ni i fip-unn 
/ 5.4e-02 6.8e-02 7.7e-02 8.6e-02 9.7e-02 9.7e-02 9.0e-02 9.7e-02 9.9e-02 7.6e-01 


238 rr 

u 

1 232^^ 


9 1pm 9 Do m 9 Ho m i Qo m i Qo m i Qp m 9 9o m 9 Dp m i 7p m i Qp m 9 rip-unn 

z.ie.-ui z.uc-ui z.uc-ui i.yc-ui i.yc-ui i.yc-ui z..^c-ui z.uc-ui i.(t.-ui i.c/c-ui .^.ucn^uu 

l.Oe-01 l.le-01 l.Oe-01 l.Oe-01 l.le-01 9.2e-02 l.Oe-01 l.le-01 l.le-01 9.3e-02 l.Oe+00 


238 r 7- 
2 232^^ 


9 9p-ni 9 rip-ni i fip-ni i fip-ni i Qp-ni 9 "^p-ni 9 Rp-oi i 7p-ni ip-n9 a 8p-n9 i 7p-i-nn 

^.^C UX ^.UC UX X.UC^UX X.Ut^^UX X.C/C^UX ^.OC UX ^.UC UX X./C UX tJ.XC^U^ Ti.OC^U^ X./Cn^UU 

6.9e-02 7.1e-02 6.9e-02 8.2e-02 8.0e-02 5.7e-02 5.9e-02 7.9e-02 7.6e-02 5.5e-02 7.0e-01 


238 rr 
3 232^^ 


4 Qp 09 7 zLp 09 7 ^p 09 9 fip 09 Q zLp O'? zL 1p 09 ^ 7p 09 9 7p 09 1 (Sp 09 4 ^p 09 4 9p 01 
5.0e-02 5.6e-02 5.9e-02 5.8e-02 5.4e-02 4.4e-02 4.3e-02 3.8e-02 2.5e-02 1.6e-02 4.4e-01 


238 r 7- 
U 

4 232y^ 


fi 7p 09 7 Op 09 fi fip-09 4 4p-09 1p-09 4 8p 09 4p 09 1p 09 S Sp-O'^ 1 Ip-0'^ 4 9p 01 

7.7e-03 8.8e-03 l.le-02 4.7e-03 2.4e-03 6.4e-03 8.1e-03 4.5e-03 3.1e-03 6.6e-03 6.3e-02 


238^ 
5 232^/^ 


6 2e-05 1 5e-06 1 5e-08 6 6e-ll 1 2e-13 00 00 00 00 00 6 4e-05 
9.8e-03 l.le-02 l.le-02 7.7e-03 6.5e-03 9.1e-03 9.7e-03 5.9e-03 2.0e-03 3.4e-04 7.3e-02 


238 jy- 

> 6 


0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

3.0e-05 1.3e-06 2.8e-08 3.0e-10 1.5e-12 3.9e-15 0.0 0.0 0.0 0.0 3.1o-05 


238^ 
Tot 232j.^ 


6.1e+00 
3.1e+00 



Table 2. Neutron production rate via (a, n) reaction due to natural radioactivity. 



Range(Mel^) ~ .1 .1 ~ .2 .2 ~ .3 .3 ~ .4 .4 ~ .5 .5 ~ .6 .6 ~ .7 .7 ~ .8 .8 ~ .9 .9 ~ 1 Sum 



E 


^/~\n TOO 






a + Xe — ^ Outgoing 


*^eutron Flux {ppm 




) 









238 7-7- 
U 


1 
1 


1 fi<3_nQ 
1 .uc-uy 


8 4p-10 














n n 


n n 


n n 


9 zio no 


232 J/, 


1 
1 


5.80-08 


7.6e-08 


9.0e-08 


7.7O-08 


5.2e-08 


3.1e-08 


1.9e-08 


2.0e-08 


2.2e-08 


1. le-07 




22,% JJ 


0.0 


0.0 


0.0 


0.0 


2.9e-10 


3.9e-10 


3.0e-09 


3.5e-09 


6.4e-10 


4.2e-19 


7.9e-09 


1 




2.3e-08 


2.4e-08 


1.7e-08 


5.2e-09 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


6.9e-08 




238 JJ 


4.8e-20 


3.5e-13 


8.3e-10 


1.5e-09 


6.5e-10 


1.7e-13 


0.0 


0.0 


0.0 


0.0 


3.0e-09 


2 




0.0 


0.0 


2.7e-09 


1.2e-08 


9.7e-09 


3.0e-08 


3.0e-08 


1.4e-09 


6.0e-14 


6.1e-13 


8.5e-08 


> 3 


238 jj 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 




3.3(^10 


3.9e-09 


4.4e-09 


8.0^10 


3.6e-12 


0.0 


0.0 


0.0 


0.0 


0.0 


9.4e-09 




238^ 






















1.3e-08 


Tot 
























6. le-07 



Table 3. Neutron production rate via {a, n) reaction due to natural radioactivity. 



Bimgc(M(V) O-.l .1 - .2 .2 - .3 .3-.1 .1-.5 .5^.6 .6 - .7 .7 - .8 .8 - .9 .9-1 Sum 







238 jj 

-Lit 


/ l.lc-Ol 2.7e-02 3.2e-02 5.2e-02 1.8e-01 2.4e-01 1.3e-01 6.4e-02 8.2e-02 9.1c-01 
/ 9p 09 8p 09 9 0^-09 1 Qp-n9 9 Dp 09 ^ Dp 09 4 Qp 09 A '?p-n9 A 7p-n9 9p 01 


23S JJ 

^ 232rp-L 
± 1 i 


8.4e-02 1.6e-01 1.6e-01 l.Oe-01 1.2e-01 1.3e-01 9.7e-02 8.4e-02 1.2e-01 1.3e-01 1.2e+00 


238 JJ 

2 2327-L 


1.4e-01 l.Oe-01 5.5e-02 6.2e-02 l.le-01 1.9e-01 1.8e-01 8.0e-02 7.2e-02 l.le-01 l.le+00 

7p 09 7p 09 9 Sp 09 zLp 09 zL zLp 09 Rr- 09 Op 09 Op 09 9 7p 09 9 Qp 09 "^p 01 


238 JJ 

3 2327^7 

± 1 1 


1.2e-01 1.2e-01 1.3e-01 1.2e-01 1.2e-01 1.2e-01 9.8e-02 6.9e-02 5.7e-02 7.5e-02 l.Oe+00 

9r> 09 '^.p 09 '^i ^ir> 09 9r> 09 Or> 09 7r> 09 '^i lr> 09 9 Tip 09 9 Ip 09 9 Ip 09 Op 01 


238 JJ 

^ 232rpr 


9.3e-02 8.3e-02 6.6e-02 6.7e-02 6.7e-02 5.2e-02 3.6e-02 2.6e-02 2.3e-02 2.5e-02 5.4e-01 

9 7p 09 7p 09 Qp 09 1 p 09 9 1 p 09 1 fip 09 1 (Sp 09 1 7p 09 1 7p 09 1 7p 09 9 zLp 01 


238 JJ 
5 232^^;^ 


2.6e-02 2.1e-02 1.5e-02 1.3e-02 1.2e-02 l.le-02 9.4e-03 1.2e-02 1.9e-02 2.6e-02 1.7e-01 
1 fip-09 1 fip-09 1 7p-09 1 7p-09 1 1 p-09 ^ '^p-0'^ 9 4p-0'^ 9 '^p-0'^ 'ip-0'^ 4 4p-0'^ Q 'ip-09 


238 JJ 
^ 2327-'i, 


2.8e-02 2.3e-02 1.4e-02 6.8e-03 2.8e-03 1.2e-03 7.3e-04 5.6e-04 4.9e-04 4.6e-04 7.8e-02 
4 1p-03 3 Ip 03 9 4p-03 9 9p-03 9 Op-03 1 Sp-03 9 1p-03 3 9p-03 4 fip-03 ^ 9p-03 3 1 p-09 


238 JJ 
232^^^ 

J. It 


4.6e-04 4.9e-04 5.6e-04 6.6e-04 7.6e-04 8.3e-04 8.3c-04 7.4e-04 5.8e-04 4.1e-04 6.3e-03 
4 ^p-0'^ Op 0'? 1 fip-0'? fi fip-04 9 7p-04 1 4p 04 1 Ip 04 Q 7p-0^ Q 9p-0'^ Q 1p-0^ 1 Ip 09 


238 JJ 
^ 2327-'i, 


2.5e-04 1.4e-04 7.8e-05 4.6e-05 3.8e-05 4.3e-05 5.6e-05 7.2e-05 8.6e-05 9.5e-05 9.1e-04 

Q "^p-O"! 1 Op-04 1 1p-04 1 '^p-04 1 4p-04 1 4p-04 1 '^p-04 Q Qp-O"! fi 7p-0'i 4 Op-O"! 1 Op-0'^ 


238 JJ 
> 9 232 


9.6e-05 8.8e-05 7.4e-05 5.7e-05 4.0e-05 2.6e-05 1.5e-05 8.3e-06 4.1e-06 1.8c-06 4.1e-04 
2 le-05 9 9e-06 5 le-06 4 2e-06 5 4e-06 7 8e-06 1 le-05 1 4e-05 1 5e-05 1 6e-05 1 le-04 


238 

Tot 232^;^ 


5.0e+00 
1.7e+00 



Table 4. Neutron production rate via (a, n) reaction due to natural radioactivity. 



Range(Mer) - .1 .1 ~ .2 .2 ~ .3 .3 ~ .4 .4 ~ .5 .5 ~ .6 .6 ~ .7 .7 ~ .8 .8 ~ .9 .9 ~ 1 Sum 



En 


Source 






a + Cu 


— > Outgoing Neutron Flux (ppm 













238^ 


1 


l.le-03 


1.5e-03 


1.7e-03 


2.0e-03 


2.1e-03 


2.2e-03 


l.le-03 


3.4e-08 


1.5e-08 


1.2e-02 


232rp^ 


1 


3.8e-03 


5.0e-03 


3.7e-03 


1.8e-03 


2.0e-03 


2.1e-03 


2.1e-03 


2.1e-03 


2.1e-03 


2.5e-02 




238 jj 


5.7e-09 


1.8e-09 


3.5e-10 


2.2e-ll 


1.2e-08 


1.2C-08 


0.0 


0.0 


0.0 


0.0 


3.2e-08 


1 




2.0e-03 


1.9e-03 


1.8e-03 


1.7e-03 


1.6e-03 


1.5e-03 


1.4e-03 


7.0e-04 


1.5e-06 


4.6e-09 


1.3e-02 


> 2 


238 jj 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 




2.0e-09 


8.6e-10 


2.3e-10 


7.8e-ll 


l.le-04 


l.le-04 


7.0e-09 


0.0 


0.0 


0.0 


2.3e-04 




238 






















1.2e-02 


Tot 
























3.8e-02 



Table 5. Neutron production rate via {a,n) reaction due to natural radioactivity. 



Range(Mey) ~ .1 .1 ~ .2 .2 ~ .3 .3 ~ .4 .4 ~ .5 .5 ~ .6 .6 ~ .7 .7 ~ .8 .8 ~ .9 .9 ~ 1 Sum 



E 


Sonrpp 








a + B ^ 


Outgoing Neutron Flux {ppm ^ 













238 r; 


1 
1 


X .VJt^VJX 


X .VJC VJX 


1 9p-Dfi 


1 fip-ni 


1 7p-D1 

X . 1 C VJ X 


8 8p-D3 


8 Qp-D9 

O. c/C VJZ 


fi fip-DI 


fi fip-DI 


2 Dp-I-DD 

z .vjt-n^vjvj 




/ 

1 


3.1e-07 


1.7e-06 


9.7e-D3 


9 7p-n3 


1 1p-D1 

X . xc ux 


1 fip-DI 


8 2e-02 


3 Oe-02 


l.Oe-06 


4.1e-01 




238 7- r 


9 fip-n2 


2 4p-ni 


9 8p-D1 

U.UK^ L/X 


9 9p-D1 


3 7p-ni 

(J.I \Ij\J J- 


2 Op-01 


4 Dp-D1 


-[ 7P-I-DD 

X.I 1^ 


1 fip-i-DD 

X .vjcn^'J'J 


2 8p-D1 

Z . (JC VJ X 


fi 8p-I-DD 


1 


232 j"^ 


7.6e-02 


8 3e-02 


2 9e-n2 


8 9e-n2 


Q 7p-n9 


1 Dp ni 

-L . Ut: u -L 


1 "^p-DI 


1.4e-01 


1.7e-01 


2.1e-01 


l.le-^00 




238 7-/- 


1 7p-m 


O .OL.-U X 


fip-DI 

O. X 


1 '^p-DI 

X . OL. W X 


^ ^p-n2 


7 np-D2 

1 . wc wz 


8 2p-D9 

(J . Z^_. UZ 


X . OL. U X 


4p-D1 

O .Tzt- U X 


7 4p-D1 


9 Plpj-DD 
z .tjCn^uu 


2 




1.7e-01 


8.4e-02 


1.3e-01 


2.3e-Dl 




z.uc ux 


Dp-D1 


2.5e-01 


2.5e-01 


2.4e-01 


2 le-hOO 

^ . X V/ 1 \j \j 




238 7- r 


1 ip-i-fin 


1 9p-i-nn 


1 "Sp-I-DD 


9 ipj-fin 


2 7p-i-nn 

Z.I |^V.7V7 


2 Qp-LDD 


2 Sp-I-DD 


9 "Sp-I-DD 


9 "^p-i-DD 

z .(jcn^vJVj 


9 ip-i-fiD 

z. xcn^vJVj 


2 Ip-I-DI 

z . xcn^vJ X 


3 


232 j-^ 


2.4e-01 


2.2e-01 


1.6e-Dl 


l.De-Dl 


fi ip-n9 


(J. (JC uz 


Q 2p-D9 


1.8e-01 


2.8e-01 


3.8e-01 






238 7- r 




2 Dp-i-nn 


1 8p-I-DD 


1 fip-unn 




1 2p-I-DD 


9 3p-D1 


fi 3p-D1 


3 8p-D1 


9 1p-D1 

Z . X V_y VJ X 


1 9p-I-D1 

X . ZiV_y J^VJ X 


4 


-Lit 


4 Qp-DI 




fi 3p-D1 


5 9p-ni 


'^p-ni 


Dp D1 


^ Dp-D1 


5 Dp-D1 

(J . VJC- VJ X 


5 Dp-D1 

<J . VJC^VJ X 


4 Sp-D1 

OC' VJ X 


5 3P-I-DD 

(J . (jc-n^ VJ VJ 




238 7-7- 




Q Qp_n9 


1 9p-D1 


9 np-ni 


3 fip-ni 


■i Qp-DI 

(J. C/C ux 


8 1p-D1 


9 Dp-D1 

(J.UC VjX 


8 1p-D1 

O. XC^VjX 


^ 9p-D1 

(J. C/C ux 




5 


232 j-^ 


4 4p-ni 


3 7e-ni 

(J.I C^VJi 


2 7p-D1 


1 7p-ni 


Q fip-n9 


(J. xc uz 


Q np-D9 


2 2p-D2 

^ . VJ^ 


1 8p-D2 


1 7p-02 

X . 1 C v7 Zj 


1 5P-I-DD 

X .(jcn^vjvj 


6 


238 7- r 


3 4p-ni 


1 7p-ni 


7 4p-D9 


4 ip-n9 

t: . XC^ 


3 3p-n9 


(J. ZC- wz 


9 Qp-D9 


9 3p-D9 

Z . (JC; VJZ 


1 fip-D9 

X .UtT-VjZ 


1 Dp-D9 

X . VjC~UZ 


7 7p-D1 


-Lit 


2.1C-02 


3 5r-n2 


fi fip-D2 


1 Ip-Dl 


1 fip-DI 

X . VJL. W X 


X . W X 


1 fip-DI 

X .UL- U X 


1.2c-01 


fi 8p-D2 

VJ . (JC VJ^ 


3 3p-D2 

(J . (Jv; vj^ 


9.4e-01 




238 7-/- 




2 4p-n3 


9 5p-D4 


s Sp-n4 


9 7p-D5 


2 5p-D5 


5 fip-Dfi 


1 1p-Dfi 

X . XC VJVJ 


1 8p-D7 


2 fip-D8 

Z.VJC VJO 


9 1p-D3 


7 


232^1^ 


1.5e-02 


7.8e-03 


6 2e-n3 


5 8e-n3 


5.1e-03 


4.0e-03 


2 6e-03 


1.5e-03 


7.5e-04 


3.2e-04 


4.9e-02 


> 8 


238^ 


3 3e-09 


3.5e-10 


3.3e-ll 


2.7e-12 


1.9e-13 


l.le-14 


0.0 


0.0 


0.0 


0.0 


3.7e-09 




1.2e-04 


3.7e-05 


9.9e-0fi 


2.3e-0fi 


4.5e-07 


7.7e-D8 


l.le-08 


1.4e-09 


1.5e-10 


1.4e-ll 


1.7e-04 


Tot 


238 fj 






















5.0e+01 


232rp^ 






















1.3e+01 



Table 6. Neutron production rate via {a, n) reaction due to natural radioactivity. 



Rango(:i/rr) O-.l .1 - .2 .2 - .3 .3 - . 1 .1-.5 .5^.6 .6 - .7 .7 - .8 .8 - .9 .9-1 Sum 







238^ 

2327^;^ 

-L lb 


1 9.3e-10 5.0C-06 5.0c-06 8.2e-10 7.6c-10 6.2e-03 6.3e-03 4.8c-05 3.2e-10 1.3e-02 


238 jj 
^ 2327-11, 


5.0e-ll 1.7e-14 2.3e-07 2.1e-06 1.9e-06 8.7e-08 1.3e-08 4.7e-06 9.1e-03 3.4e-02 4.3e-02 


238 JJ 

2 2327-L 

± 1 b 


2.7e-02 1.7e-03 3.3e-06 2.6e-07 2.5e-07 2.3e-07 2.2e-07 2.1e-07 2.0e-07 1.8e-07 2.8e-02 

Q ^p Q 9p R S zLp R 9p ns ^> I0 Dfi Q ^p 04 fi Sp (T^ 7 ^p {\'\ 1 7p (T? 1 7p 09 


238 JJ 

3 2327-7 

J. / / 


1.7e-07 1.7e-07 1.7e-07 2.0e-07 2.9e-07 5.4e-07 1.2e-06 2.7e-06 6.0e-06 1.3e-05 2.4e-05 

7 'It- n^i 1 1 r> (17 1 dp (17 1 8p (17 Fip (17 7 7p (17 1 7p (Ifi ^ip (Ifi 7 (1p (Ifi 1 '^>p (l^i 1 (1p (14 


238 fy- 

^ 232rpl 
lib 


2.7e-05 5.4e-05 l.Oe-04 1.8e-04 3.2e-04 5.4e-04 8.6e-04 1.3e-03 2.0e-03 2.9e-03 8.3e-03 

9 ^p 4 4p 7 '^p 1 9p n4 1 Sp n4 9 (Sp n4 (Sp n4 4 7p 04 Qp n4 7 1p n4 9 Rp it? 


238 JJ 
5 2327^^ 

± 1 b 


4.0e-03 5.4e-03 7.1e-03 8.9e-03 l.le-02 1.3e-02 1.4e-02 1.6e-02 1.7e-02 1.7e-02 l.le-01 
s 1 p-n4 8 Qp-n4 Q 4p-n4 q fip-n4 q fip-n4 q fip-n4 1 np.n'^ 1 1 p-tr^ 1 '^p.n'^ 1 ■ip-O'^ 1 np-n9 


238 JJ 
^ 2327-11, 

± 1 b 


1.8e-02 1.7e-02 1.7e-02 1.6e-02 1.4e-02 1.3e-02 1.2e-02 l.Oe-02 8.3e-03 6.7e-03 1.3e-01 
1 Qp-n3 9 3p-n3 9 7p-n3 3np-n3 3 3p n3 3 ^p-n3 3 7p-n3 3 7p-n3 3fip-n3 3 ^p-n3 3ip-n9 

l.c/t?^L/0 Z.Ot^^UO Z./t?^UO O.Ut^^UO O.Ot: UO O.Ot: UO 0. / t: UO 0. / t^^UO O.Ut^^UO O.Oti^UO 0. J-t: uz 


238 JJ 

-L 1 V 


5.2e-03 3.8e-03 2.7e-03 1.9c-03 1.5c-03 1.4c-03 1.6e-03 2.0e-03 2.4e-03 2.9e-03 2.5e-02 
'\ '\p-V\'\ '\ ^p-V\'\ 9 Sp-D'^ 9 '^p-n'^ 9 Ip-D'? 1 7p n'? 1 '^p-n'^ q 4p-n4 r '^p-n4 4 np-n4 1 Qp vo 

.K)Ky-\j\j o.±t^uo z.ot^uo z.ut^uo z.±t;-uo ±./t; UO ±.ot; UO c/.^t^u^ u.ot^u^ ^.ut^u^ ±.c/t; uz 


238^ 
^ 2327-11, 

± lb 


3.1e-03 3.1e-03 2.8e-03 2.3e-03 1.7e-03 1.2e-03 7.3e-04 4.2e-04 2.1e-04 l.Oe-04 1.6e-02 
9 4p-n4 1 'ip-n4 1 1 p-n4 1 9p-n4 1 8p-n4 9 fip-n4 '\ 7p-n4 4 fip-n4 ^ '^p-n4 ^ 'ip-n4 ^ np.ri'^ 

Z.^t^^UT: l-.0\zr\J^ ±.±t?^UT: i-.^XJ-yj^ i.OC Ut: Z.UC Ut: O. / C Ut: ^.Uti^UT: O.Oti^UT: O.Ot?^UT: O.UC UO 


238 JJ 
^ 9 2327--^ 


4.3e-05 1.7e-05 6.0e-06 1.9e-06 5.7e-07 1.5e-07 3.7e-08 8.2e-09 1.7e-09 3.0e-10 6.9c-05 
5 le-04 4 3e-04 3 2e-04 2 2e-04 1 4e-04 7 6e-05 3 8e-05 1 7e-05 7 Oe-06 2 6e-06 1 8e-03 


238^ 
Tot 232^^ 


3.8e-01 
l.le-01 



Table; 7. Xcnitrou produclioii I'Mle via (o, ;?.) reaction due; lo ualural radioactivity. 



Raiige{MeV) ~ .1 .1 ~ .2 .2 ~ .3 .3 ~ .4 .4 ~ .5 .5 ~ .6 .6 ~ .7 .7 ~ .8 .8 ~ .9 .9 ~ 1 Sum 



En Source 


a + Outgoing Neutron Flux {ppm ^year ^) 


238 7-7 
232^^ 


/ 9 9p-C\A 9 fip-n'i 9 Tp-D'? 4 Sp 0/1 4 1p 04 fi 4p 04 1 9^-0'^ 1 Qp (T^ 4 '^p-O'^ 1 4p 09 

/ 1.3e-04 1.3e-04 2.6e-04 3.7e-04 4.8e-04 3.5e-04 4.2e-04 7.5e-04 6.0e-04 3.5e-03 


238 rr 
w 

1 232^;^ 


1 p-O"^ fi 4p-0fi 1 '^p-0'^ 4 "^p-O"^ 4 4p-0'^ 1 "^p-O"^ 1 Sp-O"^ 9 4p-0'^ 9p-0'^ Rp-O'^ 9 fip-09 

1.3e-03 2.0e-03 9.3e-04 3.9e-04 7.3e-04 l.Oe-03 9.4e-04 4.5e-04 6.5e-04 1.6e-03 l.Oe-02 


238 7- r 
U 


9 Op O'? 1 1 o O'^ 8 fin 04 9 1 o O'^ 9p O'? 0*^ ^ 7p O'^ R '^p O'? 7 '^p O'? ^ 9p O'? Qp 09 
z.ue-uo i.ie-uo o.uc-u^ z.ic-uo o.ze-uo o.oe-uo tj.ie-uo o.oe-uo i .oe-uo o.ze-uo o.ye-uz 

1.6e-03 l.le-03 8.8e-04 5.2e-04 5.2e-04 9.6e-04 1.2e-03 l.Oe-03 6.1e-04 3.2e-04 8.7e-03 


238 rr 
u 

3 232^^ 


4 '^P-0'^ Op-0'^ fip-0'^ '^p-0'^ 4 4p 0"^ 7p 0"^ Qp 0"^ Op-0'^ 'ip-0'^ 4 Op-0'^ 4 7p 09 

6.5e-04 7.9e-04 6.8e-04 7.8e-04 l.le-03 1.6e-03 1.8e-03 1.5e-03 1.2e-03 1.2e-03 l.le-02 


238 7-7 
^ 232^/^ 


9 '^p O'? 1 (Sp O'? 1 '^p O'? Q '^p 04 ^ '^p 04 9 7p 04 1 ^p 04 1 '^p 04 1 Rp 04 4 Op 04 7 Rp O'? 
l.le-03 l.Oe-03 9.4e-04 9.9e-04 l.le-03 l.le-03 l.Oe-03 9.2e-04 6.9e-04 4.2e-04 9.3e-03 


238 7-7- 
5 232y^ 


R 8p-04 1 'iP-0'^ 1 Rp-0'^ 1 7p-0'^ 1 ^p 0"^ 1 9p 0"^ 1 Op 0"^ fi 7p-04 4p-04 1 '^p-04 1 1p 09 
o.oe-u^ ±.oe-uo i.oc-uo ±./e-uo i.oe-uo i.zc-uo i.ue-uo u./e-u^ o.^e-u^ i.oc-u^ ±.±e-uz 

2.2e-04 l.le-04 5.0e-05 3.1e-05 2.6e-05 2.5e-05 2.8e-05 4.2e-05 8.4e-05 1.7e-04 7.8e-04 


238 TT 
\J 

6 232^;^ 


fip-Oii S Op-OR 9 fip-Ofi "iP-Ofi 7 Sp OR 1 Rp 0^ 9 Rp Oi^ Sp-O"! 4 ^p-0^ 4 ^p-Oi^ 9 "^p 04 
o.ue-uo o.ue-UL) z.ue-uu o.oe-uu t .oe-uu i.ue-uo z.ue-uo o.oe-uo ^.oe-uo ^.oe-uo z.oe-u^ 

2.7e-04 3.2e-04 3.0e-04 2.5e-04 2.1e-04 1.6e-04 l.le-04 5.4e-05 2.0e-05 5.6e-06 1.7e-03 


238 7-7- 
\J 

7 232 j^;, 


8p-0^ 9 fip-0^ 1 fip-0^ 7 8p-0fi 9p-0fi 1 1p OR '^p-07 8 Op-OS 1 Rp-08 9 8p-0Q Q 9p 0^ 

1.2e-06 3.6e-07 6.0e-07 l.le-06 2.9o-06 1.8e-06 6.80-O6 7.9e-06 7.8e-06 6.3e-06 l.Oe-05 


238 7-7- 
> 8 232^/^ 


4 0p-10 4 8p-11 4 8p-12 4 0p-13 2 8p-14 1 fip-15 00 00 00 00 4 5p-10 

4.3e-06 2.4e-06 1.2e-06 4.5e-07 1.5e-07 4.1e-08 9.2e-09 1.7e-09 2.7e-10 3.5e-ll 8.6e-06 


238^ 
Tot 232^^ 


1.5e-01 
4.5e-02 



Table 8. Neutron production rate via (a, n) reaction due to natural radioactivity. 



Range(Me\/) ~ .1 .1 ~ .2 .2 ~ .3 .3 ~ .4 .4 ~ .5 .5 ~ .6 .6 ~ .7 .7 ~ .8 .8 ~ .9 .9 ~ 1 Sum 







238^ 
± It 


1 3.1e-02 7.7e-02 5.6e-02 7.6e-03 3.3e-01 4.3e-01 2.0e-01 8.7e-02 1.9e-02 1.2e+00 

/ R Dp (T? 1 9p 09 1 fip 09 1 Sp 09 9 '^p 09 zL zLp 09 1 1p 01 1 fip 01 q 9p 09 zL Qp 01 


238 jj 

1 232 J 


l.le-01 9.5e-02 6.4e-02 1.5e-01 5.0e-01 4.3e-01 1.4e-02 1.9e-02 1.3e-01 2.0e-01 1.7e+00 

9 % ^ 09 Qo 09 1 rio 01 1 7o 01 1 Oo 09 Oo 09 1o 09 (\ ^lo 09 7 1o 09 1o 09 (\ TIo 01 


238 JJ 



^ 232rpl 

±11 


3.8e-01 3.3e-01 3.8e-02 3.7e-03 5.7e-02 2.8e-01 2.6e-01 3.3e-02 5.6e-04 2.8e-06 1.4e+00 

^ fip 09 ^ Sp 09 zL '^p 09 9 Rp 09 zLp 09 R Rp 09 zL i^p 09 1p 09 '^p 09 ^ Qp 09 ^ 1p 01 


238 JJ 

3 232rp^ 


2.1e-04 l.le-02 8.2e-02 1.4e-01 8.1e-02 l.le-02 3.0e-04 1.9e-03 2.0e-02 7.3e-02 4.2e-01 
6 7e-02 4 Oe-02 3 6e-02 2 6e-02 2 7e-02 4 Oe-02 2 2e-02 1 7e-03 1 2e-05 2 7e-05 2 6e-01 


238 JJ 
4 232^^ 


l.le-01 7.4e-02 2.0e-02 2.0e-03 6.6e-05 7.3e-07 2.6e-09 3.0e-12 l.le-15 0.0 2.1e-01 
9.3e-04 8.4e-03 2.3e-02 2.4e-02 9.7e-03 1.2e-03 2.2e-04 1.8e-03 8.4e-03 1.8e-02 9.6e-02 


238^ 
>5 232j.^ 


0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.8e-02 9.5e-03 2.3e-03 2.4e-04 l.le-05 2.1e-07 1.6e-09 5.1e-12 6.7e-15 0.0 3.0e-02 


238^ 
Tot 232^^ 


5.0e+00 
2.0e+00 



Table 9. Neutron production rate via (a, n) reaction due to natural radioactivity. 



Range(Me\/) ~ .1 .1 ~ .2 .2 ~ .3 .3 ~ .4 .4 ~ .5 .5 ~ .6 .6 ~ .7 .7 .8 .8 ~ .9 .9-1 Sum 







238 

± It 


1 2.7e-05 5.1e-03 8.9e-03 1.4e-02 1.2e-02 l.Oe-02 8.8e-03 2.8e-02 2.9e-02 1.2e-01 

/ O.Ut^^U^ U.Ut^^U^ X.Zt^^UU X.Zt; UU X.Zc UU c/.Xt; Ut: c/.Xt^^U^ O. / C^U^ O.Zt^^UO ±.Zt; 


238 jj 

± 1 b 


9.4e-03 2.5e-02 2.1e-02 9.4e-03 3.3e-02 2.9e-02 1.8e-03 2.4e-02 2.4e-02 1.4e-03 1.8e-01 

7 Qp (T? 4 (T? 1 Dp 09 ^ ^p (T? ^ Qp (T? Q 7p (T? Q '^p (T^ 1 9p 09 S Sp fl*^ fi fip (T? Sip 09 


238 JJ 

2 

2327-7 
J. // 


1.4e-03 2.2e-03 1.6e-03 5.5e-03 l.le-02 1.2e-02 l.Oe-02 7.1e-03 9.0e-03 3.2e-02 9.3e-02 

Q ^lo 0'^, 1 rio 09 1 9o 09 9 So 0'^> S Ho 0'^, 7 lo 0'^ 7 lo 1 1 9o OH 9 So O^i 9 9o 1 So 09 

./-■Jl-V^J l.Ul~V.JZ L.LK-\JL L.OK-\_)0 0.\)\~\j'J i . l^-\JO i . 1^ -\J 1 l.jL^-\J\) Z.O^-\J-_) _.ZI-VJ1 0.0^-\J^ 


238 JJ 

232t->/, 
1 It 


3.5e-02 2.1e-02 3.2e-02 2.6e-02 7.8e-03 3.4e-03 6.0e-03 7.8e-03 5.7e-03 2.3e-03 1.5e-01 

S fip 04 1 Qp O'^ 9 7p O'^ Sp O'^ 4 Op O'? 9 zLp O'^ 1 zLp O'? 1 Qp O'^ ^ Op O'? S 1 p O'? 9p 09 

O.Ub-U^ l.yL.-UO Z.IC-UO O.Oc-UO ^.Uc-UO Z.^C-UO l.^c-UO l.yb-UO O.Uc-UO O.lc-UO O.Zc-UZ 


238 JJ 

4 2327^^ 
±11 


5.1e-04 5.9e-05 3.6e-06 4.1e-07 6.2e-07 8.3e-07 2.4e-06 2.5e-05 2.0e-04 9.6e-04 1.8e-03 

fi '?p-0'^ A 4p-0'^ '^p-0'^ A fip-0'^ Op-0'^ 1 Rp-O'^ 7 9p-04 1 7p-04 9 "^p-O"! 1 7p-0fi 9 fip-09 
u.ot^uo ^.^t^uo tj.otJ^uo ^.ut^uo o.ut; UO ±.ot; uo / ..^t; u^ ±./t^u^ .^.ot^uo x./tJ^uu .^.ut; u.^ 


238^ 

2327-11, 
J. It 


2.8e-03 5.1e-03 5.8e-03 4.2e-03 1.8e-03 5.0e-04 8.3e-05 8.2e-06 4.8e-07 1.6e-08 2.0e-02 

7 9p_0S 9 Sp-OQ Q 7p-10 7 Qp-10 zL Sp OQ 1 Op 07 1 zLp OR 1 9p-0^ fi Qp-0^ 9 zLp-OzL "^p 04 
i .Zixi~\jo z.oti-uy y.(t?-iu (.c/t?-iu ^.oe-uy i.ue-u/ i.^c-uu i.zti-uo u.ytT-uo z.^t?-u^ o.oe-u^ 


238 JJ 
6 232^.^ 


3.3e-10 3.9e-12 2.7c-14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.4e-10 
5 fip-04 8 2p-04 7 9p-04 5 0p-04 2 0p-04 5 3p-05 8 8p-0fi 9 1 p-07 fi 0p-08 2 4p-09 2 9p-03 


238^ 
>7 232j.^ 


0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6.1e-ll 9.5e-13 9.1e-15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.2e-ll 


238^ 
Tot 232j.^ 


5.5e-01 
2.1e-01 



Table 10. Neutron production rate via (a, n) reaction due to natural radioactivity. 



Range(Me\/) ~ .1 .1 ~ .2 .2 ~ .3 .3 ~ .4 .4 ~ .5 .5 ~ .6 .6 ~ .7 .7 ~ .8 .8 ~ .9 .9-1 Sum 







238 

± It 


1 7.8e-03 9.7e-03 5.4e-03 9.6e-03 9.6e-03 2.5e-04 2.6e-04 2.8e-04 3.0e-04 4.3e-02 
/ ^.^c-uo o.oc-uo u.^c-uo / .oc-uo o.±c-uo y.uc-uo y. / c-uo i.oc-uz i.oc-uz o.ic-uz 


238 jj 

± 1 b 


3.1e-04 3.0e-04 3.0e-04 3.0e-04 3.0e-04 2.1e-02 3.1e-02 l.le-02 1.4e-03 1.7e-03 6.7e-02 

1 Dp 09 1 9p 09 1 9p 09 ^ '^p 0*^ 9 7p 04 9 fip 04 9 fip 04 9 fip 04 9 ^p 04 9 4p 04 4 1p 09 


238 JJ 

2 

2327-7 
J. // 


2.4e-02 2.3e-02 2.4e-04 2.4e-04 2.5e-04 2.6e-04 3.3e-04 2.2e-04 4.1e-05 3.4e-05 4.9e-02 

9 9o n 1 9 1 n 1 9 1 n 1 9 9o n 1 9 1 n 1 7o n*^ 7 rio O'^, ru> O'^, ^1 So n'^> I0 n 1 9 Oo 09 

L . \^K-\_) L L . i^K-\J V L.LK-\_)L L.LK,-\_)V 0.i\~\jO 0.OK-\_)O O.LK-XJV L.-}K-\JZ^ 


238 JJ 

232t->/, 
1 It 


3.6e-05 l.le-04 1.7e-04 l.le-04 8.1e-05 1.4e-04 1.8e-04 9.7e-05 1.7e-05 1.2e-06 9.4e-04 

8 8p O'? 8 8p {XX Q 4p 04 1 '^P 04 1 '^p 04 1 4p 04 1 8p 04 1 4p 04 4 1 p O^i 8 '^p OR 1 Qp 09 
O.Oc-UO O.Oc-UO c/.^c-U^ l.Oc-U^ l.Oc-U^ i.^t.-u^ i.ot.-u^ i.^t.-u^ ^.ic-uo O.Oc-UU i.yc-uz 


238 JJ 

4 2327^^ 
±11 


l.le-06 3.1e-06 1.5e-05 6.5e-05 1.3e-04 1.3e-04 5.5e-05 l.Oe-05 7.1e-07 2.0e-08 4.1e-04 
1 '?p-0'i 4 Ip-O"! 7 "^p-O"! fi fip-O"! 4 "ip-O"! 4p-0'i 7 Op-O"! Op-O"! 9 Op-O"! 8 9p-0fi 4 4p-04 


238^ 

2327-11, 
J. It 


2.3e-09 3.5e-09 2.4e-08 2.2e-07 1.3e-06 5.3e-06 1.4e-05 2.3e-05 2.6e-05 1.9e-05 8.9e-05 

fi Op-OR Sp-OR ^ 9p-0fi 1 Sp-0^ 4 Op 0^ 4 ^p 0^ 9 7p Oi^ 7 Sp-OR 1 Ip-OR fi Qp-OS 1 ^p 04 

U.Ut?-UU O.OtT-UU O.Lxt-\j\j l.Oti-UtJ ^.Uti-UO ^.Oxi-\jo L.ixt-yjo ( .Oti-UU l.lti-UU U.c/tJ-UO l.tJt:-U^ 


238 JJ 
6 232^.^ 


9.4e-06 3.0e-06 6.1c-07 8.1c-08 6.8e-09 3.6c-10 1.2c-ll 2.6e-13 3.4e-15 0.0 1.3e-05 
2 1p-09 file-lO 7 5p-09 6 7p-0S 4 0p-07 1 fie-Ofi 4 2p-0fi 7 5p-0fi 9 le-Ofi 7 fie- 06 3 Op-05 


238^ 
>7 232j.^ 


O.O O.O O.O O.O O.O O.O O.O O.O O.O O.O O.O 
4.3e-06 1.6e-06 4.2e-07 7.2e-08 8.2e-09 6.1e-10 3.0e-ll 9.7e-13 2.0e-14 0.0 6.4e-06 


238^ 
Tot 232j.^ 


1.6e-01 
1.7e-01 



Tabic 11. Neutron production rate via (a, n) reaction due to natural radioactivity of samarium, specifically. 



Range(Mey) 


- .1 


.1 ~ .2 


.2 ~ .3 


.3 ~ .4 


.4 ~ .5 


.5 ~ .6 


.6 ~ .7 


.7~ .8 


.8 ~ .9 


.9 ~ 1 


Sum 


En 






a 


-f O — > Outgoing Neutron Flux {ppm ^year' 











/ 


8.8e-14 


l.Oe-13 


9.9e-14 


1.8e-12 


1.5e-09 


l.Oe-07 


4.2e-07 


4.3e-07 


2.4e-07 


1.2e-06 


1 


4.1e-07 


5.2e-07 


3.0e-07 


7.3e-08 


6.9e-09 


3.9e-10 


3.8e-10 


7.8e-10 


1.5e-09 


2.6e-09 


1.3e-06 


2 


4.1e-09 


5.9e-09 


7.7e-09 


9.2e-09 


9.9e-09 


9.8e-09 


8.8e-09 


7.2e-09 


5.4e-09 


3.6e-09 


7.1e-08 


3 


2.3e-09 


1.3e-09 


6.5e-10 


3.0e-10 


1.3e-10 


5.0e-ll 


1.7e-ll 


5.6e-12 


1.6e-12 


4.3e-13 


4.7e-09 


>4 


l.Oe-13 


2.3e-14 


4.5e-15 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


1.3e-13 


Tot 


2.6e-06 



Table 12. Neutron production rate via (a, n) reaction due to natural radioactivity of samarium, specifically. 


Range (Me\/) 


~ .1 .1 .2 .2 ~ .3 .3 ~ .4 .4 ~ .5 .5 .6 .6 ~ .7 .7 - .8 .8 - .9 .9-^1 Sum 


En 


a + Si ^ Outgoing Neutron Flux {ppm~^ g~^year~^) 




> 1 


1 1.5e-13 1.5e-13 7.1e-09 7.5e-09 3.4e-10 0.0 0.0 0.0 0.0 1.5e-08 

0.0 


Tot 


1.5e-08 



Ta.lile 13. Neulron produclion rate via {a,n) reaction due lo ualural radioaclivity of samarium, spcxdiically. 



Range(Mel^) 


~ .1 


.1 ~ .2 


.2 ~ .3 


.3 ~ .4 


.4 ~ .5 


.5 ~ .6 


.6 ~ .7 


.7~ .8 


.8 ~ .9 


.9 ~ 1 


Sum 


En 






a + B Outgoing Neutron Flux {ppm 


~^g~^year~ 











/ 


1.5e-10 


1.9e-05 


1.9e-05 


1.8e-10 


1.2e-09 


l.Oe-08 


7.9e-08 


5.0e-07 


2.6e-06 


4.1e-05 


1 


l.le-05 


4.1e-05 


1.2e-04 


2.9e-04 


5.7e-04 


9.4e-04 


1.3e-03 


1.4e-03 


1.3e-03 


9.8e-04 


6.9e-03 


2 


6.1e-04 


3.2e-04 


1.5e-04 


6.6e-05 


3.7e-05 


2.9e-05 


2.7e-05 


2.6e-05 


2.4e-05 


2.1e-05 


1.3e-03 


3 


1.8e-05 


1.4e-05 


l.Oe-05 


7.3e-06 


4.9e-06 


3.1e-06 


1.9e-06 


l.le-06 


5.8e-07 


3.0e-07 


6.1e-05 


4 


1.4e-07 


6.7C-08 


2.9e-08 


1.2e-08 


4.7C-09 


1.8C-09 


6.2C-10 


2.1C-10 


6.5e-ll 


2.0e-ll 


2.6e-07 


> 5 


5.6e-12 


1.5e-12 


3.8e-13 


9.2e-14 


2.1e-14 


4.6e-15 


9.5e-16 


0.0 


0.0 


0.0 


7.6e-12 


Tot 


8.3e-03 
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Fig. 1. The differential neutron flux induced by (a,n) reaction in a thick target of 
argon. The a-particles are induced by ^ss^y ^^^^ '^^'^Th decays. 

4 Conclusions 



We have calculated the (a,n) neutron yield and energy spectrum for many ele- 
ments that are used to build low background experiments. Both neutron yields 
and energy spectra are important to the contribution in the energy region of 
interest. Therefore, it is critical to have information from both in the Monte 
Carlo simulation to predict the possible contributions in the energy region of 
interest from the (a,n) neutrons. The neutron yield from many elements are 
compared to Heaton et al. |21j. Good overall agreement is obtained. 
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Fig. 2. The differential neutron flux induced by {a, n) reaction in a thick target of 
xenon. The a-particles are induced by ^ss^y ^^^^ '^^'^Th decays. 
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Fig. 3. The differential neutron flux induced by (a,n) reaction in a thick target of 
neon. The a-particles are induced by ^ss^y g^j^^ '^^'^Th decays. 
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Fig. 9. The differential neutron flux induced by {a,n) reaction in a thick target of 
silicon. The a-particles are induced by 238fj ^^^^ '^•^'^Th decays. 
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Fig. 10. The differential neutron flux induced by (a,n) reaction in a thick target of 
iron. The a-particles are induced by ^ss^y ^jjjj '^^'^Th decays. 
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Fig. 11. The differential neutron flux induced by {a,n) reaction in a thick target 
of oxygen. The a-particles are induced by samarium decays. 




Fig. 12. The differential neutron flux induced by {a,n) reaction in a thick target of 
silicon. The a-particles are induced by samarium decays. 
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Fig. 13. The differential neutron flux induced by (a, n) reaction in a thick target of 
boron. The Q-particles are induced by samarium decays. 
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